In this study, the friction and wear properties of six different new and used wind turbine gear oils (ISO VG 320), with different base oil formulations and additives packages, were investigated. For that purpose, a four-ball tribometer and an Optimol SRV were used. Moreover, the lubricants extreme pressure properties were also evaluated, using the same fourball tribometer. The study also includes a characterization of the lubricants. The main objective was to compare the new and used gear oils in order to identify performance differences and predict oil change intervals. The results indicate that a use of 3 to 4 years is within the lifetime of the lubricant.
Introduction
Wind turbine gearboxes are designed to operate at least for 20 years but many of them may fail after only five to seven years. [1] [2] [3] In 2007, 6% of the reported wind turbine breakdowns were due to failed gearboxes or the shaft, 4 it has been 27% in 2003. 5 The quality of the transmission gears has improved considerably during the last years and currently failures are more often initiated by bearing failures. 1 One study found that 17% of the gearbox failures are initiated by the gears and 76% by the bearings. 6 Dominant failure modes are fretting, bending-, and subcase fatigue or micro-pitting. 1, 7, 8 Axial cracks 6, 7, 9 or white etching cracks (WEC) 10 are often found in the failed components, where the latter can be a result of different influences. 9 The gearbox is responsible for 10-14% of the total costs of a wind turbine 1, 5 and the repair cost of it is usually much higher than for other components. 2 Moreover, a downtime of up to 14 days is common. 4, 11 These costs increase the total costs of the wind energy and decrease its competitiveness. The global wind energy market was and is still strong growing exponentially. 12, 13 According to the Global Wind Energy Council (GEWC), the total growth in 2014 and 2015 was 51.7 GW 12 and 61.4 GW, respectively. 13 In its market forecast, the GWEC predict almost a doubling of the global installed power, rising from 432 GW in 2015 up to 792 GW in 2020. 14 It is challenging to provide a high lifetime and reliability for the growing number of wind turbines. One approach to prolong the lifetime is to improve the performance of the lubricant.
Studies have shown that the pitting performance of gear oils can be improved through both by using certain base oils 15 as well as by using certain additives. 16 In a theoretical study, Al-Tubi and Long 17 investigated gear micro-pitting in high-speed wind turbine gears. After an assessment of contact stresses, sliding parameter and lubricant film thickness along the line of contact in gears and found that a variation of speeds can cause variation in film thickness and result in micro-pitting.
Other studies have shown that fully formulated wind turbine gear oils show different frictional behavior in both ball-on-disc setups 18 gear tests, 19, 20 roller trust bearings, 21 and thrust ball bearings. 22 It was shown that mineral base oil types tend to generate a 1 higher coefficient of friction compared to the synthetic oils. [18] [19] [20] [21] [22] Marques et al. 19 found that one polyalkylene glycol (PAG) resulted in $30% less power losses than the mineral base oil. In addition, it had a lower wear index.
Also, Fernandes et al. 20 found a reduced friction when PAG base oils were compared to mineral base oils and a 10% reduction compared to other synthetic oils in the test. However, these benefits diminish with increased speeds.
In a similar study 23 the effects of an ionic liquid (IL) mixed with a mineral oil, in comparison to a pure mineral oil were analyzed. The mineral base oil with IL additive reduced the torque losses in both roller bearings and in a gear tester. The study also found wear to reduce due to the IL additive. Monge et al. 24 observed a small reduction in friction but a large increase in wear performance by adding an IL to fully formulated wind turbine gear oils.
Based on the investigations of Fernandes et al., [25] [26] [27] on wind turbine gear oil and the models, the total power loss of a 2.5 MW wind turbine can be reduced by 0.6% if a mineral base oil is replaced by a PAG. 28 Marquart et al. 29 examined early failures by WEC in roller bearings lubricated with different oils, but could not identify a lubricant that is beneficial for that phenomenon. However, they could influence the location of the failure by well-directed varying of additivities.
However, all the above-mentioned studies have tested new oil samples. In wind turbines, the gear oil is often used for several years before they are changed and it is not known how their wear and frictional performance varies during this time. Therefore, the main objective of this work was to compare new turbine gear oils to used, using different established tribological tests. This approach will identify performance differences at different stages in the lifetime of the oil and give information about suitable oil change intervals.
For this, six different wind turbine gear oils, fresh as well as used samples were included. The used oils were collected from wind turbine sites where they had been used for various periods of time.
Experimental
All tested lubricants (Table 1) were ISO VG 320, except for one of the mineral oils (MIN-II), which was ISO VG 460. Besides the already mentioned mineral oils (MIN-I and MIN-II), a polyalkylene glycol (PAG-I) and three fully synthetic polyalphaolefin based oils (PAO-I-PAO-III) from different manufacturers were investigated. Kinematic viscosity was taken from the manufacturers' data sheet. The other included oil's properties were analyzed using the methods described below.
Density
The density of the lubricants was measured using a pycnometer (density bottle) at 25 C, 40 C, and 100 C. From the density the thermal expansion coefficient t was calculated using the following expression, where q 0 is the density at the reference temperature T ref and q is the density at an arbitrary temperature T.
Dynamic viscosity
The dynamic viscosity was measured using a Bohlin Instruments CVO 100 rheometer in a cone on plate configuration (angle: 1 ; radius: 20 mm). The measurement was conducted at different shear rates between 1 Â 10 6 /s to 1 Â 10 8 /s, at 40 C and 100 C, respectively. After reaching the highest shear rate, the shear rate was reduced with the same steps until the start shear rate was reached again.
Water contamination
In order to analyze the effects of water contamination, the water content of the new and used samples was analyzed using an Aquamax Karl Fischer Titrator, which can detect water levels as low as 10 ng per sample size of 10 mL. Several additives in the oil can influence the results, so that the real water content might be different.
Lubricant EP properties with four-ball tribometer
Due to varying loads caused by unstable wind conditions and numerous starts and stops of a wind turbine, a high load-carrying capacity is one of the main requirements of wind turbine gear oils. 1 The load-carrying capacity of a lubricant characterizes the ability to prevent or minimize seizure on the surface. In contrast, the anti-seizure is defined as the lubricant's ability to reduce wear by seizure to a minimum. 30, 31 In this study, the determination of the load-carrying capacity was made following ASTM 2783-09/DIN EN ISO 26023. With these standards, the load-wear index, the weld point, and the seizure load were determined.
A Phoenix TE-92 HS rotary tribometer was used. The balls were made out of AISI 52100 steel with a diameter of 12.7 mm. Their hardness was between 64 and 66 HRC and they had a surface roughness value (R a ) of less than 0.025 mm.
The three lower balls are clamped in an oil cup. The fourth ball is rotating under load against the three lower balls during the test, resulting in a sliding contact. Approximately, 10 mL oil was used per test run. After each test, the oil cup and four new balls were cleaned thoroughly with heptane and finally rinsed with ethanol. The rotational speed was set to 1450 r/min.
ASTM 2783 suggests test duration of 10 s per run. Initial trials with 10 s runs at low loads showed hardly any wear on the balls. With this in mind, the test duration was set to 60 s. The oil temperature was room temperature at the start of the tests but with time the oil temperature increased due to frictional heat. The applied load was increased in steps from 400 N, in 100 N increments up to 1000 N, then in steps of 250 N up to 3000 N, and from then in steps of 500 N until welding occurred, as per DIN. 32 As the load is increased, it causes an increase in the overall temperature in the contact zone and thereby leads a breakdown of the oil film and direct contact between the rubbing surfaces. 30 When the contact temperature gets high enough, the upper and lower balls become welded together. This defines the weld point.
The wear scars on the lower balls were measured in both the sliding direction as well as perpendicular to the sliding direction. From this the average wear scar diameter was calculated for each load.
The results are then used to plot load-wear curves with logarithmic axis. The new oils are illustrated in blue, used oils in red with a dashed line. The figures also include ''Hertz lines'' that show the how the calculated hertz diameter varies with the applied load, plotted in a logarithmic scale; 33 these are included as brown, dotted lines.
The black dashed lines are compensation lines. These indicate the average diameter of the wear scar on the lower balls caused by the rotating ball, but without considering either seizure or welding;
31 the values of the compensation line are proposed by the standard.
The figures also give the seizure load and the weld load. The load-wear index, which shows the ability of a lubricant to minimize wear, 31 was calculated according to ASTM 2783. Seizure load is thereby defined as the first load with a measured scar diameter above 5% of the compensation line.
Friction and wear with four-ball tribometer
The evaluation of the oil's anti-wear and friction properties were analyzed by following ASTM D 4172-94. 34 For this the same four-ball machine with the setup, as described before, was used. For each oil, two tests at two different loads, 147 N (2.48 GPa) and 392 N (3.44 GPa), were performed. Prior to each test, the oil was heated to 75 C. During the test, the rotational speed of the upper ball was set to 1200 r/min for a total duration of 60 min. Each test was repeated once to confirm the findings. The evaluation of the wear was based the average wear scar on the three lower balls. The wear scar diameter d s was measured with an accuracy of Ç 0.01 mm with a Wyko 1100 NT optical surface profiler. The wear scar on each ball was measured twice, once in the sliding direction and once perpendicular to the sliding direction and from this the average wear scar diameter was calculated. The wear volume V was calculated using an empiric formula from Sethuramiah
where L is the applied load in kg. By using the wear volume V, the wear index K was obtained by the following empirical equation
where T represents the test duration in minutes, H stands for the hardness of the test specimen.
Friction and wear with SRV tribometer
In addition to the four-ball tribometer results, the oils' friction and anti-wear properties were also analyzed by using an Optimol reciprocating friction and wear tester (SRV). For the tests, the ASTM standard 6425-02 was used, with a ball-on-disc configuration. The ball specimens were made out of AISI 52100 steel with a hardness of 60Ç2 HRC and had a diameter of 10 mm. The test discs were also made out of AISI 52100 steel according to DIN EN ISO 683-17 with a hardness of 62Ç1 HRC. The surface of the disc was lapped.
A load of 200 N (2.74 GPa) was used. The frequency was set to 50 Hz with a stroke length of 1 mm. The duration of each test was 120 min.
Prior to each test a 10 min running-in at 30 N allowed the contact surfaces to reach stable conditions. 36 The test temperature was set to 55 C, which is relevant for many wind turbines in operation. For every lubricant sample the test was repeated once.
The wear on the ball was calculated using the same, previously mentioned method. The wear volume on the discs was measured using a Zygo 3D optical surface profiler.
Experimental results and discussion

Lubricant properties
The measured water content for all samples is given in Table 2 . It can be seen that the water content for all samples is relatively low. The exception is the PAG-I, which due to its chemical composition has an affinity to water. 37 The higher amount of water in PAO-II is caused by a hydroscopic additive.
In Figure 1 , the measured dynamic viscosity is shown. The viscosity varies with shear rate. Especially at 40 C, a dependency between viscosity and shear rate was observed. This is due to a local heating of the oils and may also be due to a nonNewtonian behavior. 35 At 100 C, the effects of shear rate are smaller. The results also show a slightly higher dynamic viscosity for the PAG-based oil. The average change in the viscosity between new and used oil is shown in Table 2 . For some oils, a relatively large decrease/increase in dynamic viscosity can be seen in the used sample.
EP properties with four-ball tribometer
The EP properties results are shown in Figure 2 , in terms of measured wear scar diameters. Important for the evaluation is the seizure load, weld load, and load wear index. Early seizure at 700 N, respectively 600 N is observed for new and used MIN-I (Figure 2 ). This oil shows strong fluctuation instead of a typical stable behavior at low loads. On the contrary, oils PAO-I, PAO-II, and PAO-III have a stable behavior in the first part of the load wear curve. Their region with incipient seizure is at 1500 N (both PAO-I), 1250 N and 1000 N (new and used PAO-II) and 1250 N and 1500 N for new and used PAO-III (see Table 3 ). For the PAG-I, seizure occurs at 1250 N for the new and at 1650 N for the used. Welding with the used PAG-I occurs later than with the new PAG-I. The results also show that the weld load is identical for the new and the used samples of PAO-I and PAO-II. For most of the oils, the results do not show any large differences in the load-wear curves except for oils PAO-II and MIN-I. For these two, the seizure occurred at lower loads for the used oil sample.
Friction and wear with four-ball tribometer
The measured wear scar diameters and the calculated wear indexes are shown in Figure 3 . As can be seen, relatively large differences in the oils' anti-wear performance exists. Especially oils PAO-III and MIN-II deviate with less wear than the other oils. For oil MIN-II, the higher viscosity could have positive effects on its anti-wear performance.
Regarding the comparison of the performance of the new and the used samples, it varied between the oils. For oils PAO-III and MIN-II, the wear increased with the used oil in the high load stage by about þ30% and þ18%, respectively.
Oil MIN-I has the poorest wear protection in the test, and an increase of the scar diameter about þ8% in the high load and þ20% in the low load case after changing from new to used oil. The wear of oil PAO-II shows the opposite tendency and with less wear for the used oil sample, especially at the higher load.
Oil PAO-I showed an unexpected behavior, since the new oil showed a really poor wear protection in the higher load stage, the used oil is 11% better but still on a high level. Having similar results and small changes between new and used oil, the PAG-I is in the center span of the results.
Friction and wear with SRV tribometer
In Figure 4 , the measured friction from the SRV tests is shown. As can be seen, there is often a relatively large deviation between the two tests run for each oil sample; however, some trends can still be deduced. For many of the oils, the frictional behavior varies between the used and the new oil samples. This behavior can be seen for oils PAO-III, PAO-II, and PAG-I. The friction increases after a certain period for the used oil and rises to a higher considerably level than for the new oil. A reason for the increase in friction could be a consumption of the FM additives. Once a stable point is reached the oil remains on a constant coefficient of friction.
For some of the oils, there is almost no difference between the new and the used oil. This behavior can be seen for oils PAO-I and MIN-I.
For oil MIN-II, there are large deviations for the repeat tests which make it difficult to interpret.
Oil PAO-I did not show any significant changes from the new to the used oil.
The measured wear is presented in Figure 5 . On the left side, the wear volume of the ball is shown and on the right side, the wear volume of the disc is shown. The wear on the disc specimens is considerably smaller than the wear on the ball. In general, the differences are smaller than those observed in the four-ball wear tests (ASTM 4172).
Regarding the comparison of the used and new samples, it can be seen that oils MIN-II, PAO-III, PAG-I, and MIN-I show increased wear for the used oil. In contrast, oils PAO-I and PAO-II decreased the wear with the used oil.
The wear volume of the disc ( Figure 5 ) shows some correlation to the wear on the ball. PAO-III, MIN-II, PAO-II, and the new MIN-I shows little wear. The same tendency was observed on the ball. Like on the ball, the new PAO-I the new and used PAG-I, the used MIN-I and the used PAO-III showed higher wear also on the disc. The wear of the used PAO-I does not correlate to the wear on the ball, but overall the wear between disc and ball seems to correlate in 80% of the cases.
Summary
The properties of the wind turbine gear oils have been reviewed in many different laboratory scale tests. Every test provided considerable amounts of data, which here has been combined in order to identify the oils' performances as good as possible. For that purpose, an analysis is done by considering all results from the previous tests. To do this, a weighing scheme (Table 4) in combination with normalization (equation (4)) was used (see Appendix 1) . Finally, the overall assessment considering all tests is found (Figure 6 ).
The performance shows that PAG-I, PAO-I, and PAO-II do not inhabit any substantial changes when comparing their new and the used samples. This stability over the lifetime is a very good and aspired characteristic. The best examination regarding all tests was accomplished by PAO-III and MIN-II. However, the PAO-III shows a strong degradation towards the used oil. Especially, a depletion of the additives can cause those changes. The PAO-III has still better results in the used quality than the PAO-I and MIN-I. MIN-I in the used quality has the highest rating and therefore the poorest overall performance.
The tests revealed differences between the different oils. The relevance and the use of the results have to be well considered since these were laboratory bench-type tests with specimen of simple geometry. In real applications many more factors and parameters can influence the results. Moreover, the majority of the test was conducted in mixed and boundary lubrication, despite the fact that the gearbox and its bearings usually operate in the elastohydrodynamic lubrication (EHL) regime. Here, the EHL film thickness formation depends partly on the dynamic viscosity. A property that is higher in real gearbox running conditions for a high density and more temperature stable PAG oil compared to PAO oil in the same ISO-VG. This can actually change the running conditions from mixed EHL to full film EHL and consequential lowering the friction and wear. For the future work, investigations on the EHL regime are planned. Also, oil that is older than 3 or 4 years will be investigated. At last, all oils were taken from different batches, manufactured at different times, and the properties can vary slightly.
To what extent this affects the results is not clear but should be considered in future studies.
Conclusions
A number of new and used oil specimens have been analyzed in a range of test equipments. From the results, the following conclusions can be drawn:
. The performance of different gear oils from different manufacturers has varying performance levels and it is not necessarily possible to directly correlate it to the base oil type or viscosity. . The performance of wind turbine gear oils changes with time and the oils performance for all of its expected service interval needs to be considered. . The wind turbine gearboxes are not likely to have any catastrophic failures caused by the 3-to 4-yearold lubricants investigated in this study and no oil exchange is recommended. However, any signs of abnormal wear content levels in oil analyses should be carefully followed for the MIN-I oil. Table 4 . Efficiency analysis: Weighing scheme for the determination of the weighing coefficients.
